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SUMMARY 1577 66

A systematic investigation of accelerator-grid-ion impingement was made
with electron-bombardment ion rockets operated over a range of propellant uti-
lization efficiencies from O0.11 to 0.95. Three ion rockets of 5, 10, and 20
centimeters in diameter were used to produce mercury-ion beams of 0.0l to 0.55
amperes at net accelerating potentials of 600 to 7000 volts. Trends of experil-
mental impingement values were predicted by ion charge-exchange equations, par-
ticularly below propellant utilization efficiencies of 0.6. Discrepancies be-
tween experimental and predicted values were probably caused by direct impinge-
ment ions. Calculations were made to estimate the maximum lifetime of a molyb-
denum accelerator grid based upon the rocket operation parameters, charge-
exchange equations, and the measured erosion rate of an endurance run. The
experimental work was conducted in a 5-foot-diameter, 16-foot-long vacuum tank.

INTRODUCT'ION

An electron-bombardment ion rocket will always have some nonionized propel-
lant flowing out through the accelerator grid. These neutral propellant mole-
cules (or atoms) may undergo charge-exchange collisions with the ion beam, which
is moving through the same region. The charge-exchange process produces high-
velocity neutrals that will continue on away from the thrustor and also produces
low-velocity ions, which will most probably be drawn to the accelerator grid.
This current of ions will be read as impingement current, the same as directly
impinging ions, and will also do sputtering damage to the accelerator grid.

The results of reference 1 show that a large part of the impingement cur-
rent may be due to charge exchange. These results were reported for an ion
thrustor running at a propellant utilization efficiency of 0.8 (ratio of ions out
to neutral molecules in) and mounted in a bell jar connected to a vacuum tank.
For the investigation reported herein the ion thrustor was moved directly into
the vacuum tank where the surrounding neutral pressure would be lowered to a
negligible amount. Tests were then run over a wide range of propellant utiliza-
tion efficiencies to study the effect of neutral propellant density on the accel-
erator impingement and on the operation of the ion thrustor. Data were then



taken for 5-, 10-, and 20-centimeter-diameter ion thrustors; however, most of the
tests were performed with the lO-centimeter-diameter thrustor.

Also included herein are lifetime estimates of an accelerator grid based on
calculated impingement currents resulting from the charge-exchange process. The
rate of erosion was determined by measurements made on an accelerator grid used
in the 150-hour endurance run of reference 2.

APPARATUS AND PROCEDURE

The ion thrustors used in these experiments were mounted in a vacuum tank,
5 feet in diasmeter and 16 feet long. Figure 1 is a cutaway drawing of the vacuw
tank showing the position of the ion thrustor, suppressor screen, cold baffles,
and two of the tank ion gages. The tank was evacuated by three 32-inch-diameter
oil-diffusion pumps with liquid-nitrogen cold traps to stop oil backstreaming.
The suppressor screen prevented secondary electrons from traveling from the tank
region back to the thrustor, which runs at a high positive potential.

The liquid-nitrogen-cooled surfaces contalned an area of approximately
33 square metsrs, which w1th the diffusion pumps enabled the tank to be evacu-
ated to 5X10 to 9X10 mm Hg. With the ion thrustor opersting, the tank pres-
sure was 1.3x1076 to 7.6x1076 mm Hg. The tank pressure was measured with hot-
filament ion gages located on the walls of the tank and shlelded from direct
sight of the thrustor (see fig. 1). The tank ion gages generally read within
0.5X10-6 mm Hg of each other.

Figure 2 is a cutaway sketch of the 10-centimeter-diameter thrustor with
the aperture of an ion gage positioned 7.6 centimeters downstream of the acceler.
ator grid and 7.6 centimeters radially from the centerline of the beam. The ion
source of the thrustor is identical to the source used throughout reference 1.
The 5- and 20-centimeter-diameter sources were made geometrically similar to the
10-centimeter-diameter thrustor except for slight variations of the magnetic
fields and differences of the screen-accelerator grids. The 5- and 20~
centimeter sources were first reported in reference 3, and further details of
construction may be found there.

Gaseous mercury propellant was supplled at a steady rate by a steam-heated
boiler through one of a series of interchangeable calibrated orifices. The
mercury vapor passed through a thin-walled 5-centimeter-diameter stainless-steel
tube that separated the boller from the ion source. This tube shown in figure 2
resisted the conduction of heat from the hot (about 500° K) ion source to the
boiler.

The mercury vapor from the boiler impinged on the distributor, which pro-
vided a relatively uniform influx of vapor to the ion chamber. The ion chamber,
sbout 10 centimeters long, was bounded by a cylindrical anode 10 centimeters in
diameter. (Nominal thrustor size is the anode diameter.) The emitter, a
hairpin-shaped filament of 0.5-millimeter-diameter tungsten wire, was positioned
along the axis of the ion chamber. In the operation of the source, electrons
from the filament were accelerated towards the anode, producing ionizing colli=-
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sions and filling the chamber with a plasma. The ion chamber potential differ-
ence (discharge voltage) was held constant at 50 volts. An axial magnetic field,
decreasing in strength in the downstream direction, was used to confine the elec-
trons. The magnetic field strength was held approximately constant while operat-
ing a particular source but varied from source to source as shown in table I.

The ion-accelerating structure, comprising a molybdenum screen and a molyb-
denum accelerator grid at the downstream end of the chamber, extracted ions from
the plasma and accelerated them as a beam. Nonionized molecules could diffuse
through the accelerator plate openings into the vacuum tank. Aluminum-oxide
balls supported and positioned the accelerator grids. Details of the grid
spacings are also found in table T.

Figure 3 1s a schematic drawlng of the electrical system showing the anode
as the highest positive voltage and the net potential through which the ions are
accelerated. The ground-return meter reads the ion-beam current. Also shown
are the fllament heating supply, ion-chamber potential difference (filament bias)
supply, magnetic field current supply, and accelerator supply.

The thrustor was assembled with a measured quantity of propellant in the
boiler. The accelerator-screen grid spacing was determined at five random
locations. The thrustor was then mounted in the vacuum tank and the facility
pumped down. When the desired background pressure level was reached, the boiler
was heated by flowing steam through a throttling valve to the boiler. As the
mercury pool aspproached operating temperature (3 to 5 min) the electrical sup-
plies were turned on. When a sufficient density of mercury vapor built up in
the ion chamber, the discharge started. The electrical parameters were then
adjusted to give the desired performance level.

Accelerator impingement data were taken with the thrustor operating with a
constant propellant input. The beam current was varied to give propellant uti-
lization efficiency 7%, from 0.1l to a maximum of 0.95. (Symbols are defined in
appendix A.) The propellant utilization efficiency is defined as the ratio of
the number of ions flowing out (beam current) to the number of neutral propel-
lant atoms or molecules flowing into the thrustor. At a constant value of beam

current, the specific impulse or velocity (velocity « 1/voltage) of the ion
beam was varled from a low voltage determined by space-charge limited ion flow,
to a high voltage determined by the electrical breakdown limit between the
accelerating grids. The filament-emission current was adjusted to hold the beam
current at the desired value. The accelerator voltage was always set at a suf-
ficient negative value to stop backstreaming electrons from reaching inside the
thrustor and causing damage or false beam-current meter readings.

Typical Accelerator Performance

Most of the accelerator performance data were obtained at constant beam cur-
rent Jp and constant ratio of net- to total-accelerating potential R of 0.8,
where R is VI/(VI + lVA’), and (Vy < 0). For the purpose of comparison, some
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data were also taken at values of R of 0.6 and 0.4. An R of 0.8 was suffi-
cient to stop electron backstreaming. A more complete description of the effect
of various values of R on thrustor operation can be found in reference 1.

Figure 4 is a plot of typical accelerator impingement current Jp data as
a function of net accelerating potential Vg for constant beam current and R
values. The curves are characterized by a sharp rise in accelerator impinge-
ment, corresponding to a space-charge limitation, as some critical low net ac-
celerating potential value was reached. At higher voltages, an almost level
operating region was obtained to a net accelerating potential where electrical
breakdown occurred. Impingement curves for other beam current and R values
were similar to figure 4 and are not plotted, although the data are included in
table IT.

Propellant Utilization Efficiency

Figure £ shows a comparison of the experimental accelerator impingement
data with estimated charge-exchange values calculated by the method of appen-~
dix B. Data are presented for 5-, 10-, 20-centimeter-diameter thrustors in
figures 5(a), (b), and (c), respectively, with R = 0.8. Figures 5(d) and (e)
are plotted for different R +values with the 10-centimeter source.

For all the data of figure 5, there is a general increase In the percent of
impingement current as propellant utilization efficiency is decreased. The non-
ionized mercury must pass out of the thrustor through the accelerator grids and,
hence, must be subjected to charge-exchange collisions. The varigtion of Im-
pingement current with propellant utilization efficiency is therefore inter-
preted as largely due to charge exchange.

The percent of a beam that undergoes charge exchange is approximately pro-
portional to the product of three quantities, (1) the neutral density, (2) the
distance of beam travel, and (3) the charge-exchange cross section. Details of
the derivation of the theoretical equation and the values used therein are pre-
sented in appendix B. Basically, the neutral density is determined by the
mercury input J, and the propellant utilization efficiency, by assuming singly
charged beam ions. The distance traveled by the beam is the sum of two parts;
one, the distance between the screen and accelerator grid, and the other, the
downstream beam-deceleration distance. While the grid spacing was constant, the
calculated downstream deceleration distance varied with the operating conditions
The collision cross section value was available in the literature for mercury
ions through mercury neutrals.

Most of the experimental accelerator currents were higher than the calcu-
lated values. This difference was attributed to direct impingement on the
accelerator grid. Direct impingement may result from the ion optics of the
acceleration structure, misalinement of the accelerator grid due to machining
tolerances and thermal expansion effects, and variable discharge characteristics
of the ion chamber. The high direct inpingement of run 6 was probably caused by
the closer spacing or smaller Zg/D value of the accelerator system. The case

of operation at lower R or more accel-decel voltage, as in figure 5(d) and (e)
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subjects the calculation to greater possible errors because of a longer beam
decel region, and may account for the discrepancy of run 4 at R = 0.8 and 0.4.

A constant value of net accelerating potential was picked for each run to
facilitate the comparison of data and the calculation of theoretical curves.
The value picked was on the level portion of the curve of the accelerator-
impingement current as a function of net accelerating potential for each con-
stant beam current. The range of net accelerating potential was fixed between
the space-charge limited current and electrical breakdown, and this range varied
depending upon the beam current and grid spacing.

Operation of the ion thrustor in the vacuum tank instead of in a bell jar as
for reference 1 resulted in a background neutral density of about 1 decade less
(1075 mm Hg scale instead of 10-° mm Hg for the ionization gage readings). The
lower tank neutral density combined with a probsble lower charge-exchange cross
section (lower by one order of magnitude or more (ref. 4)) for nommercury neu-

trals reduces the error caused by charge~exchange impingement of the tank neu-
trals to a negligible amount.

The experimental values of accelerator-impingement current became higher at
lower propellant utllization efficiency, and the increase probably was caused
entirely by charge-exchange current. At values of propellant utilization effi-
ciency higher than 0.7, charge-exchange impingement currents fell to lower
values, and direct impingement may become equal to or greater than that from
charge exchange. At the higher propellant utilization efficiencies any doubly
ionized atoms would cause a sideways shift in the predicted curve. Although
doubly ionized atoms have been neglected, they could be as much as 10 percent
of the total beam. A 1O-percent value of double ions would increase 1, by a
factor of 1.1 in figure 5. As a result, the zero-percent impingement current
would go through a propellant utilization efficiency of 1.1 instead of 1.0.

Tonization Gage Readings

Figure 6 is a plot of the readings of two standard hot-filament ionization
gages taken while the ion thrustor was operating. The gage located on the tank
wall, out of line of sight of the thrustor, read an equilibrium tank pressure.
This tank gage read a minimum pressure with the thrustor discharge off and line-
I arly increased as the ion-beam current increased. The total flow of mercury
"particles was constant throughout, but as the number of accelerated ions became

greater, the tank pressure reading increased. This dependence of tank pressure
on beam current and ion-beam energy is described in reference 5.

The gage located near the thrustor ocutlet was surrounded by its normal glass
“envelope, but the neck of the tube was cut back to the envelope to produce an
raperture in the envelope. Thils aperture could directly sample the mercury mole-
'cules diffusing from the thrustor. With the lon-chamber discharge off (n, = 0),
‘all mercury flow from the thrustor consisted of neutral molecules, as a result,
the gage read a maximum. The tank gage did not sense this neutral flow because
the liquid nitrogen baffles cryopumped the mercury before it reached the tank
rgage location. As the ion-beam current was increased, the thrustor outlet gage

| :
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read less because the neutral flow was proportionately smaller with constant
propellant input to the thrustor. If the propellant utilization efficiency were
extrapolated to 100 percent, the readings of the two gages would be the same be-
cause neutral mercury would not be leaving the thrustor and thus would not cause
the thrustor outlet gage to read higher. Both gages would read the same equilib-
rium tank pressure produced by the random energetic particles of the tank.

(Typical beam ions probably make three to five wall collisions before condens-
ing. )

The level of the thrustor outlet gage reading was very sensitive to location
and thrustor operating conditicns. If it was too close to the thrustor, the gage
read over scale because of excess mercury. If it was too far from the thrustor,
the increase of pressure due to the mercury neutrals was so small it was masked
by normal tank pressure fluctuations. The gage would also read too high if the
thrustor operation produced a divergent ion beam. Ions would then enter the gage

directly at a higher velocity and rate than the neutrals and produce a false high
reading.

If the neutral efflux is assumed to follow the cosine distribution origi-
nating from the accelerator plane, the ion gage reading can be predicted. Such
a calculation was made for the 100-percent neutral flow case, and the result
agreed with the observed values of the ion gage to within 20 percent. A gage
sensitivity of three times the indicated value was used for mercury gas.

Space-Charge ILimited Current

The ratio of measured current to current determined by Child's law is plot-
ted as a function of propellant utilization efficiency in figure 7. Current
determined by Child's law was calculated from the following equation:

=z
5 AA(AV)‘“/z
JB = 0.386X10 — (1)
K
where the charge-to-mass ratio for singly ilonized mercury was used. The knee of
a typical curve of accelerator impingement as a function of net accelerating po-
tential (as in fig. 4) was used to determine the total accelerating voltage be-
tween grids AV. ©Since neutrals are uncharged, the space-charge limited current
would not be expected to vary with propellant utilization efficiency. The
experimental data, however, show a decrease in space-charge limited current as
propellant utilization efficiency was reduced. This reduction in the ability to
pass current indicates that the beam area is shrinking as the propellant utili-
zation efficiency is lowered. Presumably, the lon chamber discharge is not re-
quired to produce as many ions, and the first ionizing collisions near the axis
or Tilament can supply sufficient ions for the beam. As the neutral input flow
is spread uniformly across the ion chamber by the distributor, the discharge for
high utilizations must extend almost to the anode diameter to reach a sufficient
number of atoms; thus a larger effective beam area results.



Accelerator Grid Erosion

A detalled analysis was made of the molybdenum accelerator grid used in the
150-hour endurance run of reference 2. Enlargements of photographs taken after
the run were used to measure individual hole wear in the accelerator grid. The
grid when new was 0,127 centimeter thick with 0.476-centimeter-diameter holes on
0.635-centimeter triangle centers. The endurance run was made with a 10-
centimeter-diameter thrustor at a beam current of 0.2 ampere with a net accelera-
ting potential of 2500 volts and an accelerator potential of -2000 volts. The
average accelerator impingement current during the run was 4x10-3 amperes.

Photographs before and after the endurance run are shown in figure 8. The
downstream face showed more pronounced erosion effects. There was little change
in the thickness of the grid or in the dlameter of the hole of the upstream face.
The eroded downstream face hole diameter D' was greatly enlarged. Figure 9
shows the variation in D! from maximum wear at the thrustor axis to negligible
wear at the outer radius. Hole measurements were made from enlarged photographs
of those shown in figure 8.

The erosion pattern is in good agreement with the beam profile measurements
taken in reference 1. TIf the erosion of material is a uniform taper from D to
D' for each hole, a calculated weight loss can be made by using the wear pro-
file of figure 9. (A correction in D was made based on radial hole measure-
ments made on the upstream face.) The calculated weight loss agreed within
5 percent of the 2,3 gram measured weight loss. The spread in the measured hole
diameters at the outer radial dimension is probably the result of normal dril-
ling tolerance or optical distortion of the photograph near the edges.

Based on a linearly extrapolated rate of eroslon of the web thickness be-
tween holes, a conservative lifetime of 820 hours i1s predicted to erode the
downstream web thickness to zero. The grid may not fail at this condition for
there is still a triangular-shaped web section remaining. The total impinge-

' ment tolerable for this particular accelerator grid is then 4x10-3 ampere Iim-

pingement current times 820 hours or 3.28 ampere-hours. The value of 3.28
ampere~hours of erosion will be used as a basis for future calculations of a
10-centimeter-diameter accelerator grid lifetime. The assumption is made that
the erosion is proportional to the total impingement and not the rate of impinge-
ment.

Calculated Grid Lifetimes

The principal wear of a properly designed accelerator can be attributed to
charge-exchange ions. As shown in appendix B, such an ion current JA can be

calculated as a function of thrustor operating conditions. Additionally, the
total allowable impingement (3.28 amp-hr per 10-cm diam. beam) has been deter-
mined from extrapolated erosion measurements. Consequently, the accelerator
lifetime of a 1O-centimeter-diameter thrustor can be estimated by using this ex-
perimental wear rate and a calculated value of impingement current, Jp, from
charge-exchange equations. The following equation can therefore be used:



3,28 amp-hr
§ = 2048 2up-ar
JA’ amp (2)

where dJp 1s determined from equation (Bl6). This lifetime will be the maximum
to be expected, and any direct impingement will shorten the lifetime.

The result of such a calculation is shown in figure 10. Lifetimes may be
predicted as a function of propellant utilization efficiency and beam current for
the given values of Vp, R, and 1¢. The trends of figure 10 predict that an ion
thrustor operated at a high propellant utilization efflciency and a low beam cur-
rent or current density will obtain the longest accelerator-grid lifetime.

The calculated effect of a different net acceleration voltage VI 1is to
give an approximately lO-percent longer lifetime for 2000 volts and a 1O-percent
shorter lifetime for 4000 volts as compared to the normal lifetime for VI = 3000
volts. Also, the effect of a different net- to total-acceleration voltage ratio
R is shown in the following table:

R |Approximate
relative
lifetime

1.0 2

.8 1

.8 .5

For a lifetime of about 1 year and n, = 0.8, the 10-centimeter-diameter thrustor

used in the calculations should be operated at a beam current of about 0.15
ampere.

Another calculation was made to estimate the maximum lifetime for an ideal
thrustor. For this purpose the following assumptions were made:

(l) Uniform radial wear of the accelerator grid (uniform beam profile). The
lifetime impingement was assumed three times that of the endurance run
because the wear is spread uniformly over the entire grid area (9.8
amp-hr per 10-cm diam, thrustor).

(2) No deceleration region to add additional charge-exchange current
(R = 1.0).

The lifetime was calculated from

A

where J, is obtained from equation (B16), with J, = Jp/ny and f(R) = O.

(03]



Fquation (Bl6) then becomes

(1-my) 51
3y = 474 B2 g8 A—é (4)
My A

Substituting Jp into equation (3) yields

9.8
t = (5)
(l - Tlu_) 2 7'@
4.74 ——————— J3 —

Using Jp = (JB/.AO)xlO4 amperes per square meter and Ay = 0.51 A, (typical grid

flow-area fraction) results in

T

t1¢38 = 1.35x10° (:—L—il—) (6)
- nu

This equation is valid for any size thrustor provided that the lifetime wear rate

is 9.8 ampere~hours per 1lO-centimeter-diameter thrustor or 0.125 ampere-hour per

square centimeter.

By using these assumptions, a maximum lifetime is predicted that cannot be
exceeded, because the charge-exchange between grids cannot be avoided. Again,
low beam~current density and high propellant utilization efficiencles lead to
long accelerator grid lifetimes. For a lO-centimeter-diameter thrustor with the
game operating conditions as used in figure 10, equation (6) indicates that a
lifetime of a year could be obtained with a beam current of 0.3l ampere, or
about twice that of the nonideal thrustor.

Sputtering Rate

The sputtering rate in grams per ampere-hour from three different references
(refs. 4, 6, and 7) is plotted in figure 11 as a function of ion energy. The
single data point was from the 150-hour endurance run of reference 2. The case
of sputtering by charge-exchange ions is confused by two items. First, the exact
energy of the charge-exchange ion is unknown because 1t depends on voltage level
or position at which it was formed. Second, the angle of incidence is also un-~
known because it depends on the position of formation and the local electric
field gradient. In general, the angle of incidence will be greater than zero and
cause a higher sputtering rate; also, the charge-exchange lon will possess less
energy than a direct impingement lon and hence, have a lower sputtering rate.
These two factors may be balancing or they may weigh the sputtering rate either
way. In the case of the endurance run, the actual sputtering rate was less than
the predicted literature values for 2000 volts. A reasonable explanation 1s that
most of the impingement was from charge-exchange lons at an average energy closer
to 1000 volts. A modifying effect, neglected to this point, is secondary elec~
trons that are ejected when ions strike the accelerator grid. This electron cur-
rent is thought to be one-tenth or less of the Impinging ion current in the



energy range up to several thousand electron volts. If these secondary electrons
were produced, the measured sputtering value would be uncertain by 10 percent.

Electrical Breakdown of Thrustor

Figure 12 presents in graphical form the electrical breakdown data that is
also included in table II. Breakdown values are reported with the ion thrustor
operating. Breakdowns were more dependent on AV, the total voltage difference
between the grids, rather than the individual voltage of either grid.

CONCIUDING REMARKS

The accelerator grid lon impingement was shown to consist mostly of charge-
exchange ions at the lower propellant utilization efficiencies. If an ion

thrustor could be operated near a propellant utilization efficiency of 1.0, the
charge-exchange ions would approach zero because all the neutral molecules have

been used to form beam ions. Due to practical considerations, an ilon thrustor
will always be operated at propellant utilizations below 1.0. Therefore, even
though the accelerator system may be well focused, so that direct lmpingement is
negligible, some erosion will still result from the charge-exchange lons. Once
the operational level of propellant utilization efficiency has been determined,
maximum accelerator-grid lifetime will be dictated by the unavoidable charge-
exchange ions. TFor a 10-centimeter-diameter thrustor, a calculated l-year life-
time could be obtained with a beam current of 0.15 ampere and a propellant utili-
zation efficiency of 0.8. For the same size thrustor, but one having a uniform
beam profile and no deceleration region, a calculated l-year lifetime could be
obtained with a beam current of 0.3l ampere and a propellant utilization effi-
ciency of 0.8.

Lewls Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, November 27, 1962
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APPENDIX A

SYMBOLS
open area of accelerator or screen grid, sgq cm
flow area of ions, sq cm
nominal thrustor area, sq cm
magnetic field strength at screen, gauss
new accelerator hole diameter, cm
original accelerator hole diameter, cm
accelerator impingement current, amp
beam current, amp
filament emission current, amp
anode current, amp
magnetic field current, amp
inlet flow rate, amp
beam current density, (JB/AO)X104, amp/sq m
acceleration or deceleration distance, cm
distance between grids, center of thickness, cm
molecular weight, amu
numbers of ions passing through uncharge-exchanged
total number of ions in beam
neutral mercury molecule density, molecules/cu em
number density in a plane opening, molecules/cu cm
number density in a reservoir, molecules/cu cm

charge of an electron, coulomb

ratio of net- to total-acceleration voltage, VI/(VI + IVA’)

11



r arrival rate at a plane, molecules/(sec)(sq cm)
T temperature, °x
t accelerator lifetime, hr

AV total acceleration voltage, (Vi + |V,|), v

VA accelerator voltage, v
ANF filament heater voltage, v
VI anode total voltage and net ion acceleration voltage, v
AVI anode-cathode discharge voltage, v
v velocity, cm/sec
v most probable velocity (thermal), 12,895 1/@75; cm/sec
X distance that ions travel for charge exchange, cm
4€o -9 . +1 .
B —~ ~/2a/m = 3.86X107" mks units for Hg'~ ions
€5 permittivity of free space, 8.85X10'12 coulombz/newton-meter2
nu propellant utilization efficiency, JB/JO
o charge-exchange cross section, 6><10-15 sq cm

12



APPENDIX B

CAICULATION OF CHARGE~EXCHANGE CURRENT
The basic charge-exchange equation is

N e-onox (Bl)

and the fraction of ions losing thelr charge is

N. - N 3
R R (B2)

I

In terms of currents, charge-exchange ions go to the accelerator grid as impinge-
ment current, Ja. Therefore,

N-N J
i . (B3)

Nt Jp
For small values of JA/JB (less than 0.05) the following approximation is valid:

1 - e”TRoX ongx = (B4)

o !

Cross Section

The value of 6X10'15 square centlimeter for ¢ was obtained from refer-
ence 9 after extrapolating to an energy of 3000 volts. The value chosen was a

compromise between a linear extrapolation of 1/5 as a function of the logarithm
of the square root of the ion energy and a smooth extrapolation of the trend

of the data. A constant value of ¢ was used throughout this report because

the trend of o with voltage becomes flat for high voltages. The change in
value of o over the range of 2000 to 4000 volts is probably only several per-
cent, while the error in extrapolating might be %15 percent.

Arrival Rate and Number Density

The basis of determining n, was the known flow rate of neutrals passing
through the grid and the geometry of the grid. 'The approach used was to calcu-
late n, from arrival-rate equations for a plane and then modify n, for the
conductance effect of the grid holes. The differential equation for velocities
in one direction is

13



= —— dv (BS)

e

where dn/nr represents the fraction of particles in the velocity interval dv.
The arrival rate at an opening r is the rate of particle arrival per unit
area measured in the plane of the opening. The arrival rate of the fraction
dn/nr in the velocity interval dv 1is the product of the fraction and the ap-
proach velocity.

dn e-(v/V)B
.

Substituting equation (B5) results in

drp _ e—(v/?)2 .

Oy A7

Integrating v from 0O to + « yields

v (Bs)

2 o/ (B7)

Negative velocities are not considered because the particle density on the down-
stream side of the opening i1s assumed to be negligible.

T
S
ny.

The number density in the plane of the opening can be obtained by the fol-
lowing equation:

__\ &
dnp _ e-(v/v) .

n

v (B8)

T -/t 7

Integrating v from O to + « yields:

"o

Op

DO

(B9)

Combining equations (B7) and (B9) with ¥ = 12,895 -/T/m and solving for ny
produces

mm
- m
__p T
%p T 773,895 (B10)

The arrival rate r in terms of thrustor parameters is

Y
14



ag -y
= 6.24X10" % e J (B11)

AO

Substituting equation (B1l) into equation (BlO), using m = 200.6 for mercury,
and assuming mercury atoms have T = 5300 K (thrustor anode wall temperature )

yields
(1 - )

(o}

n, = n, = 5.27x10M% (B12)

Charge-Fxchange Distance

Two parts of onyx have now been determined. The remaining factor, the
charge-exchange distance, x, consists of two parts: (1) the distance between the
screen and accelerator grids 1¢ and (2) a beam decelerating distance downstream

of the thrustor. In this decelerating distance, charge-exchange ions will return
to the accelerator grid. The distance 1¢ was chosen (from ref. 1) because this
was the most accurate distance to use when computing ion flow characteristics.
The deceleration distance was calculated from equation (45) of reference 10.

This equation is

Jn +253/2
B 1°R 1/2 3/2
L = 1+ 3R - 4R (B13)
Ag BV372
or
3/2
2 PV f A 3
¢ - 1T T L s+ 4 (B14)
Ig RB/ R
where

Charge-Exchange Fraction

Substituting Jg = N,Jdo» f(R) = (l/R5/2) + (E/R) - 4, and x = 1¢ + 1 1into
equation (B4) results in the following equation:

2
J (1 -n. )7 BV 3/ AI
L ex10715 x 5,270k B0 g + I (B15)
JB Ao
——N\ -~ AN —~ J
¢} no X
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in equation (Blz) is correct for the number density in the

exit plane of the accelerator system. Due to conductance losgses through the ac-
celerator system, though, the mean density over the distance 11¢ is actually
greater than ngy. In order to correct the neutral number density for flow losses
it was assumed that free molecular flow would occur between the screen and accel-
erator holes as if there were a tube connecting them together. The length~-to-
diameter ratio of this tube would be about 1.0, and hence the entrance pressure
or density would be twice that of the exit density. The tube exit is the plane
of the accelerator hole, and it was this plane for which n, was earlier calcu-
lated and used in equation (B15). The tube entrance number density would be 2ng
and the average number density over the length of the tube would be 1.5n..
Therefore for the portion of charge-exchange length, 1¢, in equation (B15), an

average number density, 1l.5np, was used. With this factor of 1.5 and by com-
bining terms (by using Ap = A7 = 0.51 A,, typical grid flow-area fraction, for
1¢), equation (B15) becomes:

The value of ng

the distance

Iy L¢
= 3.16(1 - 1, ), [1.5 v (B16)

The ratio Jp/Jp was plotted in figure 5.

The flow area of the ions A7 was modified because of the shrinking of the
beam fram the full thrustor cross section, particularly at low propellant utili-
zation efficiencies. The following table presents the values of Ay used in
computing the theoretical curves in figure 5:

Nominal | Effective | Effective
thrustor diameter flow area
diameter, for ion of ions,

cm flow, A1,
m
¢ cm@
5 5 19.6
10 5 19.6
20 10 78.4

The values used in the above table were based on general evidence of beam
profiles, wear patterns on the accelerator grid, and visual observation of the

discharge.

propellant utilization efficiencies covered.
venience the f(R) values used:

16

The effective Ay value was an assumed mean value for the range of
The following table lists for con~



R [f(R)|| R |f(R)

1.0 0 0.6 |3.14

.8 | 1.14 o4 | Tadd

In summary, three quantities, g, ng, and x must be determined to calculate
the charge-exchange current. The value of ¢ was obtained by extrapolating
(£15 percent error) known literature values to the higher energies at which the
present experimental data were taken. The value of n, depended upon a neutral
gas temperature assumption and molecular flow conductance calculation and might
be in error by 50 percent. The value of x was based on a deceleration eguation
that was not experimentally proven or disproven and could also be in error by 50
percent. (As the deceleration distance depends upon current density, it could be
shorter near the beam center and longer at the beam edges.) Consequently, al-
though the most reasonable assumptions and physical parameters available were
used, the resulting calculation of charge-exchange impingement current can only
be regarded as accurate to a factor of two. There is no doubt, however, that the
trends predicted by equation (Bl6) are correct.

Although charge-exchange current calculations may be in error, actual accel-
erator lifetimes depend only on impingement current and a rate of wear. Hence,
where measurements of these two quantities are availlable, lifetimes can be
closely estimated. Such measurements are included for one rate of wear from a
150-hour test and many determinations (for a short period of time) of impinge-
ment current as a function of ion thrustor parameters.

17
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TABLE IT. - Continued.

(Anode-cathode discharge voltage,

INDIVIDUAL DATA POINTS

magnetic fleld strength and inlet flow. ]

-50 v; see table I for

(f) Run 6
Anode total Accel- Beam Acceleration Ancde Filament |Propellant Tank Net- to
voltage and | eration current, |impingement current, | emisslon |utilization [pressure, total-
net ion ac- | voltage, Jgs current, J1s current, |efficiency, mm Hg acceleration
celeration Vas amp Jps amp IR, T voltage
voltage, v amp amp ratio,
Vi, R
v
1000 -250 0.063 10.2x1073 1.00 0.70 0.14 3.6x1078 0.8
1200 -300 2.70 .90 — 3.6
1500 375 1.86 .90 —— 3.85
2000 ~-500 1.97 .70 .40 3.7
2500 -625 2.27 .60 .40 3.9
24000 B 1000 a0,083 ap, ppx10™0 80,45 20,30 20,14 a4,3x1076 ap.8
900 -600 .063 4.86 .95 ——— .14 .6
1000 -666 2.51 .95 .65
1200 -800 ¢ 2.08 .90 .80 L 3 ¢
1800 -1200 2.62 .70 .50 3
2400 -1600 0.0863 3.35x1073 0.55 0.40 0.14 3.85 0.6
3000 ~-2000 ,063 5.40 .50 .35 .14 4.05 .6
az3500 2-2200 a,063 (a) (a) (a) a, 14 (a) a,sl
800 -900 .083 6.93 1.00 .80 .14 3.4 .4
700 -1050 .063 2.31 .95 .65 .14 3.4 .4
800 ~1200 0.063 2.61x1073 0.90 0.80 0.14 3.4x1078 0.4
1200 -1800 .063 3.35 .70 .45 .14 3.5 4
1600 -2400 .063 3.58 .60 .40 .14 3.6 .4
22000 B 3000 a,063 a5.95 a,ss a,40 a, 14 az.,7 a4
2000 -500 .125 8.86 2,20 1.60 .28 3.8 .8
2200 -550 0.125 4.32x1073 2.10 —— 0.28 5.7x1078 0.8
2300 -575 2.65 1.95 1.40 3.7
2500 -625 3.00 2,00 1.50 3.8
3000 -750 3.08 1.85 1.30 4.3
3500 -875 3.19 1.70 1.20 4.6
a3800 a-875 ap,125 (a) _= (a) (a) ap,28 (a) ap,8l
1500 -1000 .125 5,62%10 - ———- .28 3.4x10-6 .6
1650 -1100 2.94 2.00 _— 3.4
1800 -1200 l 2,96 1.95 1.40 3.5 l
2400 -1600 3.12 1.75 1.20 3.6
a3000 22000 20,125 a3,35x1073 a1,60 a1,10 ap, 28 az,ox10~8 ag.s
1100 -1650 .125 9.20 1.90 1.40 .28 3.5 W4
1200 -1800 4,97 1.90 1.40 3.5
1300 -1950 l 4,00 1.80 1.40 i 3.5 ¢
1600 -2400 3.73 1.70 _— 3.4
2000 ~3000 0.125 3.68x1073 1.50 1.00 0.28 3.6x107° 0.4
2500 ~-825 .187 9.72 3.30 2.40 .42 3.4 .8
2700 -850 6.92 3,10 2.30 3.5
3000 -750 l 4,33 3.10 2.40 l 4,1 ¢
4000 ~-1000 4.33 2.70 2,00 4.0
24500 r‘—llzs 29,125 (a) (a) (2) a0, 42 (a) 20.8
1650 ~1100 .125 14.5x10-3 3.40 —— .42 3.3x10-6 .6
1800 ~1200 5.85 3.30 2,50 3.3
1950 -1300 3.78 3.30 2,50 3.5 ¢
2400 -1600 3.90 2,90 2,20 3.3
3000 ~2000 0.125 4.65%x1073 2,60 1.90 0.42 3.6x10"6 0.6
a3200 2100 a,l125 (a (a) (a) a, 42 (a) a.s
2500 -625 .250 15.7 4.80 3.70 .56 3.6 .8
2700 -875 .250 5.40 4,70 ——— .56 3.9 .8
2800 -700 .250 3,90 4.60 3.50 .56 3.9 .8
3000 -750 0.250 4,85x107% 4,40 3.50 0.56 4.0%x10"6 0.8
3500 -875 .250 4.43 4.20 ——— .56 4.3 .8
24000 A.1000 a,250 as, 40 a4,00 ag,90 a,56 a4,35 a.s
1800 ~1200 .250 22,7 4.70 3.80 .56 4.0 .6
2000 -1330 .250 9.20 4.70 3.70 .56 4,1 .6
2400 -1600 0.250 5.85%x1073 4,30 3.50 0.56 4,1x10-6 0.6
a3000 B-2000 a,250 as, 30 24,00 a3,10 a,56 a4.1 a.s
aElectrical breakdown.
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TABLE II.
[Anode-cathode discharge voltage, -50 v; sSee table I for

~ Continued.

magnetic fleld strength and inlet flow.]

INDIVIDUAL DATA POINTS

(g) Run 7
Anode total Accel- Beam Acceleration Anode Filament | Propellant Tank Net- to
voltage and |eration current, |impingement current, | emlssion [utilization |pressure, total-
net ion ac- |voltage, Jgs current, I, current, |efficlency, mm Hg acceleration
celeration Vas amp Jas amp JE» ﬂu voltage
voltage, v amp amp ratio,
Vi, R
v
600 -150 0.030 6.18x10™3 1.00 0.80 0.17 2,0x10~6 0.8
800 -200 .14 .80 .65 1.8
1000 -250 .15 .80 .60 1.95
2000 =500 .16 .60 .45 2.1
4000 ~1000 .25 .50 .40 2.2
800 =200 0.050 2.18x1073 1.75 1.45 0.28 2.1x10-6 0.8
900 -225 .32 1.80 1.30 2.1
1000 -250 .20 1.50 1.20 2.0
2000 -500 .23 1.10 .90 2.2
4000 -1000 .32 .90 .70 2.6
6000 ~1500 0,050 0.44x10~3 0.70 0.60 0.28 3.1x10-6 0.8
1000 ~250 .075 1.71 2.80 2.50 .43 2.3
1200 -300 .35 2.60 2.30 2.15
1400 -350 .26 2.40 2.10 l 2.0
2000 -500 .28 2.00 1.70 2.15
4000 -1000 0.075 0.38x10™3 1.50 1.25 0.43 2.9x10-6 0.8
5000 -1250 .075 .42 1.40 1.15 .43 3.15
1400 -350 .100 1.11 4.15 4.20 .57 3.0
1600 -400 .100 .34 3.80 3.70 .57 2.6
2000 -500 .100 .32 3.35 3.20 .57 2.7
3000 -750 0.100 0.35%x10-3 2.80 2.60 0.57 3.05%10-6 0.8
4000 -1000 .38 2.45 2.25 3.5 .8
1200 -800 2.60 3.90 35.85 3.2 .6
1350 -900 .36 3.60 3.55 2.5 .6
1800 -1200 .38 3.15 3.00 2.6 .6
2700 -1800 0.100 0.44X1O—3 2,60 2.40 0.57 2.9x1076 0.6
3600 -2400 .53 2.35 2.10 3.4 .6
4500 -3000 .63 2.02 1.80 4,2 .6
1100 -1650 1.19 3.30 3.20 3.4 .4
1200 -1800 .47 3.10 2.90 3.5 W4
1400 -2100 0.100 0.44x1073 2,80 2.60 0.57 3.8x1076 0.4
2000 -3000 .100 .54 2.40 2.15 .57 4.3 -4
2000 -500 .110 .33 4.14 4.14 .63 2.8 .8
3000 =750 .115 .38 4.10 4.12 .66 3.2 .8
4000 -1000 .120 .42 4.05 4.10 .68 3.8 .8
5000 -1250 0.125 0.61x10°3 4.05 4.12 0.71 4.8x10°6 0.8
6000 -1500 .130 .62 4.05 4,08 .74 6.7 .8
26400 P- 1600 a,135 (a) (a) (a a, 77 (a) a.g

8glectrical breakdown.
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Figure 3. - Electrical dlagram and potential profile of ion thrustor with an
electron-bombardment ion source.
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(b) 10-Centimeter-diameter thrustor. Beam current,
0.125 ampere.
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Figure 4. - Typical data of accelerator impingement current
as a function of anode potential for three sizes of thrustors.
Propellant utilization efficiency, approximately 0.8.
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(a) 5-Centimeter-diameter thrustor. Net- to total-
acceleration voltage ratio, 0.8.

Figure 5. - Percent of impingement current (measured) or

charge-exchange current (calculated from eq. (B15)) as
A function of propellant utilization efficiency.
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Figure 5. - Continued.
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Figure 5. - Continued. Percent of impingement current
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Figure 2. - Cutaway sketch of 10-centimeter-diameter electron-bombardment

thrustor including the location of ionization gage, 7.6 centimeters down-
stream and 7.6 centimeters radially from the centerline.
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Figure 6. - Ionization gage reading as a function of
propellant utilization efficiency for run 4. Anode
total voltage and net ion acceleration voltage,
4000 volts; accelerator voltage, 1000 volts; inlet
flow rate, 0.165 amperes; thrustor diameter, 10 centi-
meters. (For gage locations see fig. 1 or 2.)
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Figure 7. - Fraction of current determined by Child's law passing through
screen-accelerator grids of the 10-centimeter-diameter thrustor. Child'!s
g Ap(ar)3/2
law equation (ref. 1): Jp = 0.386x107° ——: .
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Flow

Flow

(b) After run.

(a) Before run.

- Photograph and sketch of accelerator grid downstream face before and

after endurance run of 150 hours (ref. 2).

Figure 8.

Thrustor diameter, 10 centimeters;

beam current, 0.20 ampere; anode total voltage and_net ion acceleration voltage,

-5

2500 volts; accelerator impingement current, 4X107"

ampere.
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Figure 9. - Enlargement of accelerator grid Hole as a function of radial

distance. Measurement was made on the downstream face after 150-hour

endurance run.
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Figure 10. - Calculated lifetime of accelerator grid due to
erosion from charge-exchange ions only. Thrustor dlameter,
10 centimeters; anode total voltage and net ion accelera-
tion voltage, 3000 volts; net- to total-acceleration volt-
age ratio, 0.8; distance between grid, 0.4 centimeter;
accelerator grid, 0.475-centimeter-diameter holes in 0.127-
centimeter-thick plate.
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Figure 12. - Breakdown potentials of the ion thrustors while

operating at beam currents of 0.03 to 0.55 ampere and net-
to total-accelerating voltage ratio values of 0.4 to 0.9.
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